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SUMMARY 

The e f fec ts  of camber and leading-edge-flap  deflection on the  pres- 
sure  pulsations on t h i n  r i g i d   a i r f o i l s   a t  Mach numbers from 0.5 t o  1.0 
have been investigated. The t e s t s  included  variations in camber cor- 
responding t o  deeign l i f t   c o e f f i c i e n t s  of 0, 0.2, and 0.5, as w e n  as 

Oo t o  -15' on a 6-percent-thick NACA 6U-series a i r f o i l .  The high 
pulsations  associated with leading-edge  flow  separation on the basic 
a i r f o i l  were s ignif icant ly  reduced e i ther  by uBe 0.f camber or  by sui table  
deflection  of a 15-percent-chord  leading-edge  flap. The optimum camber 
or  f lap  deflection were dependent on  Mach  number and normal-force 
coefficient.  Comparison of the data f o r  the basic   64~006  sect ion used 
i n  these tests with data previously.,obtained f o r  the 65.~006 section 
revealed  eignificantly  lower  pressure  pulsations  for the 63006 a i r f o i l .  

. var ia t ions   in   def lec t ion  of a 15-percent-chord  leading-edge flap from 

I 

INTRODUCTION 

An earlier investigation of pressure  pulsations on r i g i d . a i r f o i l s  
showed.that  decreasing  the a i r fo i l   th ickness  was beneficial  in reducing 
the magnitude of the  pressure  pulsations a t  high subsonic Mach numbers 
(ref. 1) . On the 4- and  6-percent-thick  airfoils,. a t  Mach numbers 
around 0.65, however, high-pressure  pulsations were encountered,  partic- 
ularly  near the leading edge, as a r e su l t  of  leading-edge flaw separa- 
t ion which started t o  OCCUT at moderate angles of attack. The leading- 
edge flow separation that occurred a t  moderate angles of a t tack m i g h t  
be compared with flaw conditions at maximum lift, and methods, such as 
camber or  leading-edge  flaps, whereby maximum lift has  been improved 
through an improvement of the flow conditions  over  the  leading edge may 
be applicable  for this  case.  Either method produces, f o r  a given l i f t  
coefficient,  a decrease in   t he  angle of the forward-part o f  the a i r f o i l  

c1 w i t h  reference t o  the  direction of  the air  flow i n  the immediate v ic in i ty  

UNCLASSIFIED 
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of the leading edge (the-upwash);  thus,  the  flow  conditions w e r e  improved I 

and separation  eliminated  or  delayed t o  some higher angle of at tack  or  
l i f t  Coefficient,  Accordingly,  an  investigation was conducted to   s tudy 
the   e f f ec t s  of camber corresponding to   des ign- l i f t   coef f ic ien ts  of 0, 
0.2, and 0.5 and a 15-percent-chord  leading-edge  flap on the  pressure 
pulsations of a 6-percent-thick  airfoil-.. Time his to r i e s  of t h e   i n s t a p  
taneous  pressure  pulsations  acting at eight-chordwise  stations on the 
upper  surfaces  of  the  airfoils were obtained, and the  corresponding 
flows  past the .a i . r fo i l s  were recorded  by high-speed schlieren motion 
pictures .  The data were obtained a t  Mach numbers from 0.5 t o  1.0 and 
a t  corrected  angles of a t tack from Oo t o  80. The leading-edge-flap 
deflection  angle was varied from 00 t o  -15'. The Reynold-8 number of - I" 

the  flow based on the model  chord  ranged from 1.2 X lo6 t o  1.7 X lo6. 

. 

SYMBOLS 

M 

9 

AF! 

Cn 

a 

6 

free-stream Mach  number 

free-stream dynamic pressure,  lb/sq f t  

double-eplitude  pressure  pulsation, lb/sq ft" 

section  normal-force  coefficient 

angle of a t tack,  deg 

leading-edge-flap  angle of deflection, deg 

APPARATUS AND TESTS 

Tests  were made i n  the Langley 4- by 19-inch semiopen tunnel 
( f ig .  1). The tunnel  conditions, method, and precision  of  the  pres- 
sure measurements were identical   with  those of  reference 1. 

A photograph o f  the  model i n s t a l l a t ion   i n   t he  Langley 4- by 19-inch 
eemiopen tunnel i s  given i n  f igure 2. One of  the small e l e c t r i c a l  induc- 
t i o n   c e l l s   ( r e f .  2) used in   th i s   inves t iga t ion   to   ob ta in  time h is tor ies  
of pressure  pulsations is shown on a ledge a t . t h e  bottom center of the 
photograph. The c e l l s  and the  recording  system  possess a r e l a t ive ly  
f la t  frequency-response  characteristic from 40 t o  500 cycles per second. 
The instrumentation  uti l izing this  type  of  pressure  cell   gives a time- 
h is tory   t race  o f  the pressure  pulsation on the   a i r fo i l   su r f ace .  The 
frequencies -above 600 cycles  per second are  highly damped i n   t h i s  
ins ta l la t ion .  

i -  
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The models tes ted  were 6-percent-thick NACA 64A-series a i r f o i l s  of 
4-inch  chord  and  span; three of t he   a i r fo i l s  w e r e  cambered f o r  0, 0.2, 
and 0,5 desi  l if t-coefficients.  The o t h e r   a i r f o i l  w a s  a symmetrical 
NACA 64AOO G-= model having a 15-percent-chord  leading-edge  flap  (fig. 3 ) .  
The a i r fo i l   o rd ina tes   a re   p resented   in   t ab le  I. The plain and cambered 
models had pressure  orifices  located a t  3.1-, 14-, 2 5 ,  37.5-, 50-, 
62.5-, n-, and  87.5-percent-chord  stations and the  leading-edge-flap 
model had or i f ices   located a t  5.9-, 25-, 37.5,  3-, 62.5-, 75-, and 
87.5-percent-chord  stations. 

The data were obtained a t  Mach numbers from 0.5 t o  approximately 
1.0 and a t  test  angles  of  attack from 0' t o  loo. Leading-edge-flap 
deflections  varied from 0' t o  -15' from the mean chord l i n e  of the 
model. The pressure-pulsation data were  supplemented  by  high-speed 
schlieren motion pictures  taken a t  approximately 250 frames per second. 

REDUCTION OF DATA 

$ The pressure  pulsations Ap were selected from oscillograph  traces 
I of the  instantaneous time history of  the  pressure a t  each o r i f i ce .  A 

portion of  a  typical  record i s  shown i n  figure 4 f o r  an NACA 64~006 a i r -  
f o i l .  The pulsation measured from a crest  to  an  adjacent  trough of  a 
pressure  pulse i s  the  double-amplitude  variation of the  pressure above 
and below the  average  level of the  pressure  existing a t  t h e . a i r f o i 1  
or i f ice .  Each gage was referenced to a steady  pressure  near  the  aver- 
age pressure  existing  locally on the  airfoil  surface;  consequently, 
these  records do not  give an indication  of  the  average  pressure on the 
airfoil .   Pulsations  in  the  reference  pressure were damped out by means 
of a small-diameter  tube, 3 t o  5 feet  in  length,  extending from the 
reference  orifice on the end p la te  to the gage ( f ig .  3 ) .  

- 

The pressure  pulsations on the models w e r e  characterized by t h e i r  
haphazard  occurrence  and  generally  irregular  amplitude.  Time-history 
t races  of the  pressure  pulsations  for  each of  the  several   or i f ices  on 
the  a i r foi l   in   general   bore   a  marked resemblance t o  one another and 
were approximately i n  phase ( f ig .  4).  The pressure  pulsation  selected 
was of  intermediate  amplitude  and  appeared t o  predominate. The  predom- 
inant  amplitudes Ap that  occur  frequently  throughout  the  individual 
t races  w e r e  considered  the  typical  amplitudes  for  the  particular  record.  
They varied In magnitude from one-half to  one-third  the  value of the 
maximum-pressure pulses  of  infrequent  occurrence. The pulsating  pres- 
sures Ap (double  amp1itude)"are  expressed i n  terms of the  stream 
dynamic pressure  as k. 

9 
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The t e s t  angle of attack  4as been reduced by 20 percent-.to  appmx- 
imate the  incompressible-jet-deflection  correction  for a semiopen tunnel 
( r e f .  3)-; .-€he sme- correction to- the-angle of a t tack w a s -  used in refer-  
ence 1. The normal-force coefficients  presented  for the mo&l with 
leading-edge f l a p   w e e  determined by an e lec t r ica l   in tegra tor  which 
could  not  correct  for  differences  in  inclination of the normal-force 
vectors on the   f lap  and on the   a i r fo i l .  The magnitude of the   error  
introduced.ha6  been-evaluated from some check computations  using  the 
measured pressure  distributions and i s  of the  order  of 0 to  0.02 in  
normal-force coefficient.  

RESULTS AND DISCUSSION 

Methods of avoiding  the  early  occurrence  of  the  high-speed s ta l l  
and the  associated  high-pressure  pulsations of t h i n   a i r f o i l s  have been 
investigated. An a i r f o i l   u t i l i z i n g  camber presented a possible  solution 
to   the  problem of  obtaining improved flow conditions  over  the  forward 
pa r t  of t h in   a i r fo i l s  a t  moderate angles of attack. By approprfate 
variations of the mean line,   the forward pa r t  of  the a i r f o i l  can be more 
closely  aliped  with the a i r  stream than is  possible  for a p l a in   a i r fo i l  
a t  a comparable normal-force coefficient.  The e f fec t  of camber, expressed 
as design lift coefficients of 0, 0.2, and 0.5, on the  variation of chord- 
wise pressure  pvlsations  with  angle of a t tack and Mach number i s  presented . * 
in figures 5 ,  6, and 7. The basic  data  contained  in  these  plots show the 
growth and  decay of the  pulsating  pressures with increasing Mach  number 
and the  forward movement of peak pulsations  with  increase  in  angle of  
attack. These variations are generally  similar to those  observed on the 
'airfoils  presented i n  reference 1. 

# 

A di rec t  compari.son in f i  e 8 of the  pressure-pulsation data for 
the  plain NACA 64A006 a i r f o i l   K g .  5) with  the  data  for  the NACA 65A006 
a i r f o i l  of reference 1 indicates  that   the more rearward location of the 
posit ion of maximum thickness on t h e   l a t t e r   a i r f o i l  produced a large 
reduction i n  the  pressure-pulsation  levels a t  a l l  comparable Mach num- 
bers and angles of attack. The  more favorable performance of the 
6%-series  airfoils w a s  not known pr ior  t o  the  present  investigation.. 
The 64A-series a i r f o i l s  were selected for the  present  investigation 
because these models and their   sect ion aerodynamic character is t ics  were 
readily  available. - 

. .  

An al ternat ive method of obtaining  the  effect of camber on the flow 
at   the  leading edge was through  the  use of a leading-edge  flap. The 
basic  data  for  the NACA 64A006 a i r fo i l   w i th  a 15-percent-chord  leading- 
edge f l ap  a t  various  flap  deflections  are  presented  in  figure 9. The 
chordwise variation of the doukle-amplitude-pressure pulsations  with 
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.. angle of a t tack and Mach ndmber for  the  leading-edge-flap model i s  
I generally similar t o   t h a t  shown for   the cambered models in   f igures  5 

t o  7. 

The pressure-pulsation  data a t  constant  angle of a t tack  from f ig-  
ures 5 t o  7 and 9 have  been cross-plotted  with  normal-force-coefficient 
d a b  and are presented  in  f igures 10 to  12 t o  show the changes in  pres- 
sure  pulsations  along  the  chord as a f f ec t edby  Mach number f o r  each  of 
several  constant  values  of  the  normal-force  coefficfent. A comparison 
of the  pressure-pulsation data fo r   t he  symmetrical a i r f o i l  a t  constant 
normal-force coef f ic ien t   ( f ig .  10) w i t h  the data for  the cambered mo&els 
( f ig .  11) indicates   that  the general   effect  of camber was t o  reduce  the 
l eve l  of  the  pressure  pulsations and t o  move the  location of the peak 
pulsations  rearward. The -same general   effect  w a s  observed for   the  model 
with  leading-edge flap def lected  ( f ig .  12). The reductlon  in  pressure 
pulsations  over  the cambered models and  over  the model with  the  leading- 
edge flap  appropriately  deflected i s  a t t r i bu ted   t o   t he  improved flow 
conditions  near  the  leading edge of the model and the consequent  reduc- 
t i on   i n  flow separation  and shock unsteadiness. 

. The e f f ec t s  of each  profile change and Mach number on the  chord- 
wise pressure  pulsations on NACA 64A-series a i r fo i l   s ec t ions  are summa- 
r ized   in  figure 13 a t  constant  normal-force  coefficients  of 0.4, 0.6, 
and 0.75. The effect of  leakage  through  the  0.002-inch  opening a t   t h e  
f l a p  hinge can be  assessed from a comparison  of the  data   for   the  plain 
model with  the data for  f lapped model with  flap  undeflected. Leakage 
through  the  flap  hinge  generally produced somewhat higher  peak-pressure 
pulsations  for  the lower  normal-force coefficients  than were observed 
on the  plain model. A t  the  highest  value of  Cn, a t  Mach numbers between 
0.5 and 0.8, the  pressure  pulsations were large  for  both models. 

A t  a Cn of 0.4 ( f i g .  l3(a)) ,  pressure  pulsations of  low ampli- 
tude  occur on the nose  of the  symmetrical model a t  a l l  Mach numbers. 
Farther  rearward on the a i r f o i l  a t  the 40-percent-chord s ta t ion,  a pres- 
sure  pulsation of large  amplitude  occurs a t  a Mach amber  of 0.8. This 
large  pulsation was a l lev ia ted  by using  an a i r f o i l  cmibered f o r  a  design- 
l i f t   c o e f f i c i e n t  of 0.2, o r  by  using a leading-edge-flap  deflection of 
-loo. The  improvement obtained by using an a i r f o i l   w i t h  a  design lift 
coeff ic ient  of 0.5 was larger  than  that  shown for   the -loo f lap  def lec-  
t i on  a t  a l l  Mach numbers. The leading-edge f l a p  is  in fe r io r  t o  the 
cambered a i r fo i l   ca r ry ing   th i s   load .  

A t  a design  normal-force  coefficient of 0.6 (fig.   l3(b)),   the  pres- 

a i r f o i l .  The generally  favorable  effect of e i the r  camber or  proper  f lap 
deflection on the  nose-pressure  pulsation i s  shown not  only a t  lower but 
a l so   a t   h igher  Mach numbers. Although camber is  not an independent 

. sure pulsations  begin  to rise over  the  forward  part of the  symmetrical 
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variable  during  flight,  the  flap  de.flection, however, can be adjusted 
t o  obtain the minimum pulsation for various flight conditions. 

A t  a normal-force-coefficient  of 0.75 ( f ig .   13(c) )  , the symmetri- 
c a l  model .appears  .to  be  .gperatiqg..in a stalled  condition  with charac-. 
terist ic  high-pressure  pulsations  occurring  over  the nose a t  Mach num- 
bers between 0.5 and 0.7. Flaw attachment-at   the nose  occurs  near a 
Mach  number of 0.8 and the peak-pressure  pulsations move rearward. A 
very  large  reduction  in  the magnitude of the pressure  pulsation i s  
obtained a t   t h i s  normal-force  .coefficient-by a small amount of camber. 
Higher camber i s  eVen more effective  in  reducing  the  pressure pulsa- 
t ions a t  a l l  Mach numbers except  those  around 0.8, Similar ly ,   f lap 
deflections  of from -5O t o  -loo produced a reduction  in  the  pressure- 
pulsat ion  level   that  compares favorably  with  the  reduction  obtained  by 
using  an  airfoil   with a design l i f t  coeff ic ient  of 0.2. . . .  

" 

- 

Investigations  (for-  instance,  ref. 4) have shown an adverse  shift  
in  the  angle  of z e r o  lift and a consequent loss  of l i f t  for   h ighly  
cambered models.which  can  aggravate--the  stability problem i n  the high 
subsonic Mach number range. The considerable  reduction  in  the  pressure 
pulsations  .achieved over a w l d e  Mach  number and l if t-coefficient  range 
by  using  either camber o r  a leading-edge flap  suggests that a combina- - 
t ion o f  leading-edge flap and, possibly, a small amount of camber may 
provide  greater  f lexibil i ty  in  pressure-pulsation  control.  

- 

- 
The flow conditions  that   give rise t o   t h e  changes in  pressure. 

pulsations at a Mach  number of  0.7 and Cn = 0.75 presented  in   f ig-  
ure  13(c) are shown i n  figure 14. The flow photographs made a t  approx- 
imately  4-millisecond  intervals and  4-microsecond durat-ion,  indicate 
that  the  extensively  separated flaw on the  symmetrical model is removed 
by  using  either  capber  or  leafing-edge-flap  deflection. Flow Conditions 
on the  flapped model and the model cambered f o r  a design l i f t  coeffi-  
c ient  of 0.2 are similar. For   this   high l i f t  condition  and Mach  num- 
ber, the smallest f low disturbances were obtained on the model using a 
design l i f t  coefficient of 0.5. 

CONCLUDING REMaRKS 

An ' investigation of the pqessure  pulsations on a 6-percent-thick 
64A-series a i r fo i l   revea led  that the  high  pulsations  associated  with 
leading-edge flow .separation on the  basic a i r f o i l  were s igni f icant ly  

t 



NACA RM ~ 5 x 2 2  ” 7 

reduced e i ther  by the  use of cmb-el’ or by suitable  deflection of a 
15-percent-chord  leading-edge  flap. The optimum  camber or  flap  deflec- 
t ion  were dependent on  Mach’number and normal-force coefficient.  Com- 
parison of the data  for  the  basic 64~006 section used. in these  tests  with 
data prevlously  obtained  for the 65AOO6 section  revealed  significantly 
lower pressure  pulsations  for  the 65~006 a i r f o i l .  

* 

Langley Aeronautical  Laboratory a 
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Figure  1. - Langley 4- by 19-inch semiopen tunnel. I - 
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Figure 2.- Model installation in the Ianghy 4- by 19-inch semiopen tunnel. 
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Figure 3.-  Installatlon in end plates OP the NACA &A006 airfoil with 
15-percent-chord  leading-edge f lap .  L-75170 
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Figure 4.- Airfoi l   prof i le  and orifice  locations  with  typical recorda 
of pulsating pressures on W A  64AOo6 a i r f o i l .  a = 1.6O; H = 0.85. 
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